The possibility that clathrin plays a role in the agonist-mediated sequestration of muscarinic cholinergic receptors in human SH-SY5Y neuroblastoma cells has been investigated by the application of experimental paradigms previously established to perturb clathrin distribution and receptor cycling events. Preincubation of SH-SY5Y cells under hypertonic conditions resulted in a pronounced inhibition of agonist-induced muscarinic receptor sequestration (70-80% at 550 mOsm), which was reversed when cells were returned to isotonic medium. Depletion of intracellular K + or acidification of the cytosol also resulted in >80% inhibition of muscarinic receptor sequestration. Under conditions of hypertonicity, depletion of intracellular K T, or acidification of cytosol, muscarinic receptor-stimulated phosphoinositide hydrolysis and Ca2~signaling events were either unaffected or markedly less inhibited than receptor sequestration. That these same experimental conditions did perturb clathrin distribution was verified by immunofluorescence studies. Hypertonicity and depletion of intracellular KT resulted in a pronounced accumulation of clathrin in the perinuclear region, whereas acidification of the cytosol resulted in the appearance of microaggregates of clathrin throughout the cytoplasm and at the plasma membrane. The results are consistent with the possibility that muscarinic receptors in SH-SY5Y cells are endocytosed via a clathrindependent mechanism.
tor from effector enzyme (Thompson and Fisher, 1991; Fisher, 1995) , dephosphorylation of cell surface receptors (Yu eta!., 1993) , or an obligatory precursor event in receptor down-regulation (Thompson and Fisher, 1990 ; but see a!so Hausdorff et al., 1990) . Furthermore, there has been some controversy as to whether sequestered receptors are truly endocytosed into a cytoplasmic compartment, as indicated from studies of the agonist-induced subcellular redistribution of receptors (Harden et a!., 1985) , or whether changes in radioligand binding reflect more an a!tered conformation of the receptor within the same plasma membrane location (Wang et al., 1989) . The recent immunocytochemical demonstration of /3 2-adrenergic receptors localized to intracellular vesicles following agonist addition favors the hypothesis that cell surface receptors undergo endocytosis (vonZastrow and Kobilka, 1992) . Evidence for a colocalization of the internalized /32-adrenergic receptor with the transferrin receptor (which is endocytosed via a c!athrin-coated pit mechanism) has been obtained from immunocytochemical studies (vonZastrow and Kobilka, 1992) . However, whether the endocytosed /32-adrenergic receptors originate in clathrin-coated pits or, alternatively, in nonclathrin-coated membrane invaginations, e.g., caveolae (see Anderson, 1993) , remains uncertain. In addition, there is currently little mechanistic information regard-J. Neurochem. 66, 186-196 (1996) .
Prolonged agonist occupancy of either adenylyl cyclase or phosphoinositide-specific phospholipase C (PLC ) -linked receptors results in an adaptive response in which cell surface receptors are internalized (sequestered) and thereby become less accessible to bydrophilic ligands. Although receptor sequestration has been frequently documented, neither the underlying molecular events nor the precise physiological significance has been established. In the latter context, several possibilities exist, such as uncoupling of the recep-ing the endocytosis of other G protein-coupled receptors, in particular those linked to PLC.
In the present study, biochemical and immunocytochemical approaches have been used to evaluate the role, if any, played by clathrin in the agonist-mediated sequestration of muscarinic cholinergic receptors (mAChRs) present in human SH-SY5Y neuroblastoma. These cells have been previously demonstrated to express a relatively high density of mAChRs (20,000-30,000 per cell) that are predominantlỹ 80%) of the m 3 subtype and that couple to phosphoinositide turnover . Moreover, the presence of clathrin has been documented in these cells (Sadée et al., 1987) . The present results indicate that experimental procedures that have previously been demonstrated to perturb clathrin distribution and to inhibit receptor endocytosis via either the disruption of formation of clathrin-coated pits, e.g., hypertonicity or depletion of intracellular KT (K~~) (Larkin et al., 1986; Heuser and Anderson, 1989) or, alternatively, by prevention of the budding of coated pits, e.g., acidification of the cytosol (Sandvig et al., 1987) , all result in a marked inhibition of agonist-mediated mAChR sequestration in SH-SYSY cells. However, the ability of mAChRs to couple to PLC and second messenger generation in SH-SY5Y cells is much less adversely affected by these procedures. Immunocytochemical studies indicate that a cellular redistribution of clathrin accompanies the observed attenuation of mAChR sequestration. The results suggest that upon agonist addition, mAChRs in SH-SY5Y cells are endocytosed via a clathrin-linked mechanism. A preliminary account of part of this work has previously been reported (Sbwiejko et al., 1995) . 
MATERIALS AND METHODS

Cell culture conditions
For studies of mAChR sequestration and phosphoinositide turnover, human SH-SY5Y cells (passage nos. 68-76) were routinely grown in tissue culture flasks (75 cm 2!250 ml) in 20 ml of Dulbecco's modified Eagle's medium supplemented with 10% (by volume) fetal calf serum. Cells were grown for 7-14 days at 37°C in an atmosphere consisting of 10% CO 2 and 90% humidified air. Cells were isolatedafter aspiration of the medium and incubation with a modified Pucks D1 solution (Honegger and Richelson, 1976) . For immunocytochemical studies, SH-SYSY cells were grown on glass coverslips (22 mm in diameter) for 48 h, during which time 20-30% confluency was achieved.
Subcellular fractionation
A modified procedure of the method of Strader et al. (1984) was used. Ten to 20 flasks of SH-SY5Y cells were detached and resuspended in buffer A (142 mM NaCI, 5.6 mM KCI, 2.2 mM CaCI2, 3.6 mM NaHCO3, 1 mM MgC12, 5.6 mM D-glucose, and 30 mM HEPES, pH 7.4), and 5-ml aliquots of cells were incubated for 30 mm at 37°Cin the presence or absence of agonist under the conditions defined (hypertonicity, K~depletion, etc.). Reactions were terminated by addition of 30 ml of ice-cold buffer A, and cells were centrifuged at 300 g for 3 mm at 4°C.Supernatants were aspirated, and cell pellets were resuspended in ice-cold buffer A (-glucose) that contained 2.5 mg/mI of concanavalin A. Cells were left on ice for 20 mm and recentrifuged at 300 g for 3 mm. Cell pellets were then hypotonically lysed by gentle homogenization in 10 ml of TE buffer [10 mM Tris-HC1 (pH 7.4), 2 mM EDTA, 2~g/ml of aprotinin, Ĩ tg!ml of leupeptin, 0.7~ag/ml of pepstatin, and 1 mM Pefabloci. Lysates were then centrifuged at 30,000 g for 10 mm to obtain a crude plasma membrane (P1) fraction. The supernatants were then centrifuged at 200,000 g for 90 mm to obtain a "light" membrane (V1) fraction.
Radioligand binding
Agonist-induced sequestration of mAChRs was monitored as the loss of [ 3H]NMS binding sites on intact SH-SY5Y cells, as previously described (Thompson and Fisher, 1990; Slowiejko et al., 1994) . After exposure of cells to Oxo-M, the agonist was removed by washing, and aliquots of cells were then incubated with either 6 nM [3HINMS in buffer A for 18 h at 4°Cor, alternatively, with I nM [3H]QNB in buffer A for 90 mm at 37°C. Subcellular fractions of SH-SY5Y cells were resuspended in KGEH buffer (139 mM potassium glutamate, 4 mM MgCI 2, 10 mM EGTA, and 30 mM HEPES, pH 7.4), a buffer that approximates the intracellular milieu, before radioligand binding. The low temperature used for [ 3H]NMS assays ensures that the recycling of mAChRs to plasma membrane is prevented (Thompson and Fisher, 1991) . Nonspecific binding was determined as that unaffected by inclusion of 25~..tM atropine. Reactions were rapidly terminated by filtration through Whatman GF! B glass fiber filters, and radioactivity was determined after addition of 5 ml of Universol scintillation fluid.
Immunoprecipitation of mAChR subtypes
The proportion of mAChR subtypes present in the V 1 fraction was determined by the procedures previously described .
Measurement of cytoplasmic Ca 2~concentration ([Ca24 j~)
Basal and Oxo-M-stimulated values for [Ca2T]~in SH-SYSY cells were determined by monitoring fura-2 fluorescence in a Shimadzu model RF-5000 spectrofluorophotometer using the dual wavelength method, as previously described (Thompson et al., 1991) .
Measurement of cytoplasmic pH
Intracellular pH was monitored using the membrane-permeant fluorescent probe BCECF-AM (Rink et al., 1982) . Cell suspensions were incubated with the probe (4 1.tM) in buffer A for 30 mm at 37°C.The cells were then washed free of the extracellular probe and transferred to the cuvette compartment of a dual wavelength computer-controlled spectrofluorimeter (SPEX, Edison, NJ, U.S.A.). The fluorescence intensity was monitored as the ratio of excitation intensity at 505 nm relative to that at 439 nm (isobestic point). Emission was monitored at 530 nm. The absence of dye leakage was confirmed during experiments by addition of an anti-fluorescein rabbit IgG antibody to the cuvette. Calmbration of the intracellular fluorescein spectra was obtamned by equilibratmon of the extracellular and intracellular pH with 4 jiM nigericin in high-potassium (142 mM) buffer A to eliminate potential gradients across cellular membranes (Thomas et al., 1979) .
Measurement of phosphoinositide turnover
SH-SY5Y cells were allowed to prelabel for 3 days in Dulbecco's modified Eagle's medium/fetal calf serum contamnmng 10 jiCm/ml of [ 3H]inositol. Cells were then detached and washed with buffer A. Following the experimental manipulations, the accumulation of a total radiolabeled inositol phosphate fraction (3H-IPT) observed in the presence or absence of 1 mM Oxo-M was monitored during a 30-mm incubation in the presence of Li~as described previously (Thompson and Fisher, 1990) .
Measurement of I(1,4,5)P 3 mass The mass of 1(1,4,5) P3 was quantified essentially as previously described (Palmer et al., 1994) . Aliquots of SH-SY5Y cells ('-1 mg of protein) were incubated in 0.5 ml of buffer A at 37°Cin the presence or absence of 1 mM Oxo-M. Reactions were terminated by addition of 0.5 ml of ice-cold 20% (wt!vol) trichloroacetic acid. The trichloroacetic acid extracts were first neutralized with water-saturated diethyl ether. Aliquots of neutralized extracts were then incubated in 10 mM Tris-HCI, 1 mM EDTA, and 0.! mM /3-mercaptoethanol (pH 8.8) for 15 mm at 4°Cwith a rat cerebellar membrane preparation (400 jig of protein) in the presence of 0.01 j.tCi of [
3H]I(l,4,5)P 3.
Standards [0-10 pmol of 1(1,4,5) P3] were assayed concurrently. Bound radioligand was separated from free radioligand by rapid vacuum filtration (at 4°C)through Whatman GF/B glass fiber filters. Protein content was measured by the method of Geiger and Bessman (1972) .
Immunofluorescence
Human SH-SY5Y neuroblastoma cells were grown on glass coverslips in six-well plates for 48 h and then subjected to the experimental protocols indicated in the figure legends. At the end of each experimental protocol, the cells were fIxed for 30 mm at room temperature in 3.5% (wt!vol) paraformaldehyde in 0.1 M phosphate-buffered saline (PBS), pH 7.4. Cells were rinsed with PBS twice and then washed for 15 mm with 50 mM NH4C1 in PBS followed by two additional washes in PBS. The cells were then permeabilized with 0.04% (wt!vol) saponin in PBS for 15 mm at room temperature and then blocked with 1% (wt/vol) bovine serum albumin in PBS for 30 mm. The primary antibody was applied onto the coverslips (100 ,ul) at a concentration of 5 p.g!ml (anti-heavy chain clathrin; X-22) and incubated overnight at 4°C.After four washes (10 mm each) with PBS, the cells were incubated with 100 ,ul of goat anti-mouse IgG conjugated to indocarbocyanine (1:200) for 60 mm at room temperature. Coverslips were then washed four times (10 mm each) and mounted on glass slides with p-phenylenediamine in 75% glycerol!25% PBS. Immunofluorescence was observed by conventional and confocal fluorescence microscopy (Bio-Rad model MRC 600) with an argon-krypton laser and a tetramethyl rhodamine filter.
Data analysis
Results given are mean~SEM values for the number (n) of separate experiments performed. Student's two-tailed tests were used to evaluate the statistical differences of the means of paired or unpaired sets of data.
RESULTS
Hypertonicity inhibits agonist-induced mAChR sequestration
The extent of agonist-induced sequestration of mAChRs and of stimulated phosphoinositide hydrolysis was monitored under isotonic (325 mOsm) or hypertonic conditions (Fig. I ). Incubation of SH-SY5Y cells in buffer A made hypertonic by supplementation with either sucrose or NaCI impaired mAChR sequestration as a function of osmolarity. For example, after the cells had been exposed to Oxo-M for 30 mm under hypertonic conditions (550 mOsm),~-~70-80% fewer I 3H I NMS binding sites were lost from the cell surface than from agonist-treated cells incubated in isotonic buffer A. Although complete inhibition of mAChR sequestration was observed at .-~65() mOsm, the lower value of 550 mOsm was routinely used to minimize any significant change in cell volume (see, for example, Bowen and Morgan, 1988) . To determine the effect of an increase in osmolarity on mAChR-stimulated phosphoinositide hydrolysis, the accumulation of 3H-IPT was monitored over a 30-mm incubation period. The mAChR-stimulated inositol lipid hydrolysis was much less inhibited under hypertonic conditions than was receptor sequestration (.-~20-25%at 550 mOsm).
Because the activation of mAChRs in SH-SYSY cells elicits two kinetically distinct phases of mAChR-slimulated phosphoinositide hydrolysis Wojcikiewicz et al., 1994) , the effect of hypertonicity on initial receptor responses was also monitored. When 1(1,4,5) P 3 formation was monitored after 10 s of agonist addition, comparable increases were observed for cells incubated in isotonic and hypertonic (550 mOsm) buffer A ( Fig. 2A) , whereas a small reduction in the Oxo-M-mediated rise in [Ca 2~], was observed in hypertonically treated cells, when compared with cells incubated under isotonic conditions ('-25%; Fig. 2B ). Taken together, these results indicate that incubation of SH-SY5Y cells in hypertonic buffer A results in a more pronounced inhibition of mAChR sequestration than of phosphoinositide hydrolysis, regardless of whether the latter is monitored under conditions of acute or prolonged agonist exposure.
Kinetics of mAChR sequestration under hypertonic conditions
When cells were incubated in isotonic buffer A, mAChR sequestration was time dependent with the onset occurring within 5 mm of Oxo-M addition, and After the preincubation period, Oxo-M (final concentration, 1 mM) was added to each set of incubation mixtures, and reactions were allowed to proceed for the times indicated. B: In a separate series of experiments, SH-SY5Y cells were preincubated for 20 mm in either isotonic or hypertonic buffer A, as detailed above. The hypertonically treated cells were then divided into two aliquots, one of which was centrifuged and resuspended in isotonic buffer A (Hyper -°iso), whereas the other aliquot was resuspended in hypertonic buffer A and allowed to incubate for 30 mm at 37°C.Oxo-M (1 mM) was then added to each set of incubations, and reactions were allowed to proceed for 30 mm at 37°C.Results for both A and B are mean ± SEM (bars) values for three or four separate experiments. *p < 0.05 for difference from isotonic buffer A value. vs. 31 ±4%, respectively; n = 3; Fig. 3B ).
Depletion of K T~or acidification of the cytosol inhibits mAChR sequestration
Nigericin, an ionophore that promotes electroneutral K~/HTexchange, has previously been used to manipulate [K~I~ (Larkin et al., 1985) and cytoplasmic pH (Hansen Ct a!., 1993) . Incubation of SH-SY5Y cells in buffer A containing 5 or 10 mM KT in the presence of 4 ,uM nigericin resulted in >80% inhibition of mAChR sequestration (Fig. 4A ). Under these conditions, the KT content of the cells was reduced by >85% (2.53 ±0.3 and 0.32 ±0.07 j.tEq/mg of protein in the absence and presence of nigericin, respectively; n = 4). When the extracellular [K + I was increased to 142 mM (a concentration that approximates the intracellular concentration of the cation), inclusion of nigericin had no effect on the extent of the Oxo-Minduced loss of [3HINMS binding sites. Under conditions in which the [K4 I is equivalent on both sides of the plasma membrane, nigericin can be used to clamp the intracellular p1-I at the pH of the extracellular buffer (Thomas et al., 1979) . When SH-SY5Y cells were incubated with 4 p.M nigericin in the presence of 142 mM K~but at a reduced pH (6.0), mAChR sequestration was inhibited by >85% (Fig. 4A) . Incubation of SH-SY5Y cells at pH 6.0, in the absence of nigericin, did not inhibit mAChR sequestration. Direct measurement of the cytoplasmic pH revealed that the latter was reduced from 7.5 to 6.4 under these conditions. Depletion of KT, had little or no effect on mAChRstimulated inositol lipid hydrolysis as monitored by either the accumulation of 3H-IPT or 1(1 ,4,5 ) P 3 formation (Figs. 4B and 5A), whereas an increase in both basal and Oxo-M-stimulated [Ca 2T ]j was observed under these conditions (Fig. SB) . In contrast, acidification of the cytosol resulted in a significant inhibition (-~4S%) of Oxo-M stimulated 3H-IPT formation (Fig. 4B ).
Agonist-induced subcellular redistribution of cell surface mAChRs under conditions of hypertonicity or depletion of KT
he agonist-induced redistribution of cell surface mAChRs in SH-SY5Y cells, and its modulation by hypertonicity and depletion of K~was also monitored by means of subcellular fractionation. In preliminary studies, an Oxo-M-induced redistribution of mAChRs from a dense to less dense fraction [35/60% to 0/ 35% sucrose interfaces (see Lohse et al., 1990) ] was observed when cell lysates were subjected to sucrose density gradient fractionation. However, because of the limited degree of enrichment of mAChRs in this less dense fraction (less than twofold over the control), alternative approaches were sought. Better resolution was obtained when crude plasma membrane (P 1) and (Fig. 6) . As observed for control cells, mAChRs present in the 1 fraction obtained from Oxo-M-treated cells were much less accessible to the hydrophilic ligand [3HINMS (233% of control), and no further increase in the number of [3HINMS binding sites could be obtained when the assays were conducted at either higher ligand concentrations or at 37°C (data not shown). Because SH-SYSY cells express predominantly (but not exclusively) mAChRs of the m 3 subtype , immunoprecipitation studies were conducted on the V1 fraction. Antisera to the m3, m2, and m1 mAChRs precipitated 77 ± 11,20 ± 10, and 3 ± 3% of binding sites (n = 3).
These results indicate that on agonist addition, m3 mAChRs undergo endocytosis and are increasingly re- The Oxo-M-induced redistribution of mAChRs into the V 1 fraction was markedly inhibited (>85%) when SH-SYSY cells were incubated under hypertonic conditions. The inhibitory effect of hypertonicity could be reversed if cells pretreated under hypertonic conditions were transferred to isotonic buffer A before addition of Oxo-M (Fig. 6) . Depletion of K T, also inhibited the redistribution of mAChRs by >85%. When SH-SY5Y cells were incubated with pilocarpmne, a partial muscarinic agonist, fewer [3H] QNB binding sites were recovered in the V 1 fraction than were observed for Oxo-M (159 vs. 420% of control values, respectively), a result consistent with the limited ability of this agonist to promote a loss of [ 3HINMS sites (Thompson and Fisher, 1990; Slowiejko et al., 1994) (Fig. 6 ).
Cellular redistribution of clathrin in SH-SY5Y cells in response to hypertonicity, depletion of K~or acidification of cytosol
Indirect immunofluorescence together with conventional and confocal microscopy was used to confirm that the experimental conditions chosen, i.e., hypertonicity, depletion of KT~, or acidification of cytosol had resulted in a cellular redistribution of clathrin in SH-SYSY cells. Anti-clathrin immunofluorescence in control cells appeared to be distributed throughout the cytoplasm in a punctate manner, with some accumula- tion in the perinuclear region (Fig. 7A) . The presence of clathrin at the plasma membrane itself was difficult to resolve consistently owing to a low steady-state concentration. Little or no immunofluorescence was observed when cells were incubated with mouse nonspecific IgG (Fig. 7B) . Under hyperosmolar conditions, the perinuclear accumulation of clathrin was markedly enhanced, and this was accompanied by an apparent reduction in the amount of c!athrin present in the cytoplasm. This pattern of clathrin redistribution is consistent with previous studies of nonneural cells (Doxsey et a!., 1987; Heuser and Anderson, 1989; Hansen et al., 1993) and has been interpreted to indicate a disruption of the assembly of clathrin-coated pits. The redistribution of clathrin from cytosol to perinuclear region observed under hyperosmolar conditions was reversed when cells were returned to isotonic buffer A (Fig.  7D) . Increased immunostaining of clathrin in the pennuclear region was also observed in cells depleted of K~, (Fig. 7E) . Under conditions in which the cytosol was acidified, an increased occurrence of microaggregates of clathrin throughout the cytoplasm and at the plasma membrane was apparent (Fig. 7F) . However, in contrast to the redistribution pattern observed for hypertonicity and depletion of~an accumulation of clathrin in the perinuclear region was not observed when the cytosol was acidified. This pattern of immunostaining is consistent with the known ability of reduced pH to inhibit the budding of clathrin-coated vesides from the plasma membrane (Sandvig et a!., 1987) .
None of the three experimental procedures adversely affected the morphology of SH-SY5Y cells.
Neither activation of protein kinase C nor perturbation of plasma membrane cholesterol inhibits mAChR sequestration
The possible involvement of caveolae, non-clathrincoated membrane invaginations, in the internalization of mAChRs was investigated by monitoring the extent of loss of [3H]NMS binding sites after activation of protein kinase C or following the perturbation of plasma membrane cholesterol. Under the latter two conditions, the functioning of caveolae is reported to be inhibited (Rothberg et al., 1990; Schnitzer et a!., 1994; Smart et al., 1994) . Preincubation of SH-SY5Y cells with 1 pM PMA before addition of Oxo-M had little or no effect on the extent of mAChR sequestration (35 ± 2 vs. 29 ±4% loss of [3H]NMS sites for control and PMA-treated cells, respectively; n = 5-9). In contrast, Oxo-M-stimu!ated 3H-IPT formation was inhibited by~=50%by PMA (data not shown). Overnight incubation of the cells with 1 pM PMA also failed to modulate the extent of mAChR internalization. Neither preincubation of SH-SY5Y cells with digitonin, a steroid glycoside that targets the plasma membrane owing to its high cholesterol content, nor the addition of nystatin, a polyene antibiotic that binds cholesterol, significantly reduced the magnitude of loss of [3H] NMS binding sites following Oxo-M addition (37 ± 5 and 36 ±3% for 5 pM digitonin and nystatin, respectively; n = 3).
DISCUSSION
Substantial evidence has accumulated to implicate clathrin in the mechanism underlying receptor internalization based on the repeated demonstration that the endocytosis of receptor-specific ligands is markedly inhibited when cells are incubated under conditions of hypertonicity, depletion of K T~, or acidification of cytosol. By application of one or more of these conditions, a clathrin-mediated mechanism has previously been identified for the endocytosis of constitutively active receptors, e.g., transferrin, low-density lipoprotein, or asialoglycoprotein (Larkin et a!., 1986; Sandvig eta!., 1987; Oka eta!., 1989) and for the epidermal growth factor receptor (Sandvig et a!., 1987) . Although less extensively studied, a role for c!athrin in the endocytosis of ,8 2-adrenergic receptors and m4 mAChRs has been proposed based on inhibition by hypertonicity and depletion of K~respectively (Yu et al., 1993; Ma!oteaux and Hermans, 1994) . However, whether PLC-linked receptors are endocytosed in a similar manner is currently unknown. In the present study, evidence is presented that all three experimental conditions, namely, hypertonicity, depletion of~or acidification of the cytosol result in a marked attenuation of the internalization of the m 3 mAChRs, a phosphoinositide-linked receptor. Agonist-induced sequestration of mAChRs in SH-SY5Y cells was inhibited in proportion to the degree of hyperosmolanity, with maximal inhibition observed at '=600 mOsm, a value similar to that necessary for complete inhibition of transferrin endocytosis in reticu!ocytes (Bowen and Morgan, 1988) . Furthermore, inhibition of mAChR sequestration, like that of transferrin endocytosis, could be reversed when cells were returned to an isotonic medium. incubation of SH-SYSY cells with nigericin, in the presence of low concentrations of extracellular K T (5-10 mM), resulted in a marked (>85%) inhibition of mAChR sequestration. That this inhibition resulted from a depletion of K*~can be inferred from the reduction in ' content of cells incubated in the presence of nigericin and from the inability of the ionophore to inhibit sequestration when intraand extracellular concentrations of K + approximated each other. When nigericin was used to lower cytosolic pH to that of the extracellular buffer (6.0), agonistinduced mAChR sequestration was also markedly inhibited. Taken collectively, these results indicate that when clathnin distribution is disrupted, the internalization of mAChRs is concurrently inhibited.
A redistribution of clathrin in SH-SYSY cells, as determined by indirect immunofluorescence, accompaj. Neurochen., Vol. 66. N,,. 1, 1996 nied the reductions in agonist-induced sequestration. Thus, in control SH-SY5Y cells, a punctate distribution of clathrin was observed throughout the cytoplasm, with some accumulation in the peninuclear region of the cell. Hypertonicity and depletion of~resulted in a more pronounced accumulation of c!athrin in the perinuclear region with a reduction in clathnin immunoreactivity in the cytoplasm. This distribution pattern observed for clathrin in SH-SY5Y cells under control and experimental conditions was similar to that obtained previously for nonneural cells (Doxsey et al., 1987; Heuser and Anderson, 1989; Hansen et a!., 1993) . Clathrin-coated vesicles, which are formed at both the plasma membrane and trans-Go!gi network, derive from a common pool of cytosolic clathnin (Pley and Parham, 1993) . The increased immunostaining of clathrin in the perinuclear region of SH-SY5Y cells under conditions of hypertonicity or depletion of KT, is consistent with an accumulation of clathrin-coated vesicles in the trans-Go!gi network. This, in turn, may result in a reduction in the availability of clathrin for assembly into clathrin-coated pits at the plasma membrane. In contrast, when the cytosol was acidified, there was an appearance of microaggregates of clathrin within the cytoplasm and at the cell surface, but little or no increased perinuclear staining was observed. This pattern of immunostaining is consistent with the known ability of acidification of the cytosol to inhibit the budding of clathnin-coated pits (Sandvig et al., 1987) .
Although mAChR sequestration was attenuated under conditions of hypertonicity, depletion of K" 1, or acidification of cytosol, no comparable inhibition of the agonist-mediated generation of inositol phosphates and rise in [Ca 2"] 1 was observed. In addition, given that cell surface rather than internalized mAChRs preferentially couple to PLC activation (Thompson and Fisher, l991) , it should be noted that inhibition of mAChR sequestration was not accompanied by any measurable increase in the extent of phosphoinositide hydrolysis. The latter result indicates that the number of mAChRs present at the plasma membrane is not the sole determinant of the magnitude of stimulated inositol lipid turnover (see Fisher et al., 1994) . The failure of hypertonicity and depletion of K~1to affect adversely PLC activation excludes the possibility that the inhibition of mAChR sequestration results from either nonspecific interference with receptor-ligand interactions or, alternatively, is due to cell toxicity. Of the three experimental paradigms used, only acidification of the cytosol resulted in a significant inhibition of stimulated phosphoinositide hydrolysis, a result that may reflect the pH optimum of PLC (Rhee et al., 1989) or a reduction in ATP availability (Sandvig et al., 1987) . However, even under these conditions, stimulated inositol lipid hydrolysis was less inhibited than mAChR internalization. Other studies have indicated that the experimental procedures used to perturb clathrin distribution do not inhibit fluid-phase endocytosis (Daukas and Zigmond, 1985; Heuser and Anderson, 1989; Oka et a!., 1989) or endocytosis mediated via non-clathrin-coated membrane invaginations (Roettger et al., 1995) .
Although it has been proposed that receptor sequestration may represent an altered conformation of the receptor within the plasma membrane (Wang et al., 1989) , two lines of evidence support the concept that mAChRs in SH-SY5Y cells undergo endocytosis.
First, on agonist addition, mAChRs are recovered in a "light" membrane fraction, distinct from that of the plasma membrane, when lysates of SH-SY5Y cells are subjected to subcel!ular fractionation. It is likely that this fraction represents an "endosomal" compartment of the cell that in part, at least, may be derived from vesicles from which the clathrin coat has previously been removed. Thus, mAChRs that may initially enter the cell via clathrin-coated pits are recovered in this fraction on prolonged agonist exposure. The mAChRs in this fraction are accessible to lipophilic, but not hydrophilic, ligands, suggesting that they are present in endocytic "inside-out" vesicles. This redistribution of receptors can be blocked by hypertonicity or depletion of K'~.Second, in digitonin-permeabilized cells, the sequestered mAChRs also remain inaccessible to the hydrophilic ligands, even under conditions of prolonged incubation. Only when the concentration of digitonin is further increased are these "occluded" receptor sites unmasked . Taken collectively, these results and those obtained under conditions in which c!athrin distribution is perturbed suggest that on agonist addition, mAChRs in SH-SY5Y cells undergo endocytosis via a clathnin-mediated process. However, conclusive proof of such will necessitate the direct demonstration of mAChRs in clathrin-coated pits. In this regard, it is relevant to note that the presence of mAChRs in a brain subcellular fraction enriched in clathrin-coated vesicles has previously been documented (Silva et a!., 1986) . In addition, GABAA/benzodiazepine receptors have also been localized to clathrin-coated vesicles (Tehrani and Barnes, 1993) . Based on immunocytochemical evidence, a role for clathrin in the internalization of substance P receptors (which couple to phosphoinositide turnover) has also recently been proposed (Garland et a!., 1994) . Thus, it is conceivable that an involvement of clathnin in the endocytosis of PLC-linked receptors may be widespread.
Recently, a role for caveolae in cell signaling events has been proposed, based principally on the localization of the plasma membrane Ca 2~pump, I(1,4,5)P 3 receptor protein, and the endothelin receptor to these structures (Fujimoto, 1993; Fujimoto et al., 1993; Chun et a!., 1994 ). However, a major involvement of caveolae in the internalization of mAChRs in SH-SY5Y cells appears unlikely for the following reasons. First, cholesterol perturbation and activation of protein kinase C, both of which have been demonstrated to interfere with the structure and function of caveolae (Rothberg et a!., 1990; Schnitzer et a!., 1994; Smart et al., 1994) , had no effect on the Oxo-M-induced loss of [ 3H I NMS sites. Second, caveolae are reported to be unaffected by hypertonicity and depletion of KT( Roettger et a!., 1995) , conditions under which mAChR sequestration is blocked. In summary, the agonist-induced internalization of mAChRs in SH-SY5Y neuroblastoma is inhibited under conditions in which clathrin distribution is perturbed. These results are consistent with the occurrence of a clathnin-mediated endocytosis of mAChRs in these cells.
